The impact and spreading of a compound viscous droplet on a flat surface are studied computationally using a front-tracking method as a model for the single cell epitaxy. This is a technology developed to create two-dimensional and three-dimensional tissue constructs cell by cell by printing cell-encapsulating droplets precisely on a substrate using an existing ink-jet printing method. The success of cell printing mainly depends on the cell viability during the printing process, which requires a deeper understanding of the impact dynamics of encapsulated cells onto a solid surface. The present study is a first step in developing a model for deposition of cell-encapsulating droplets. The inner droplet representing the cell, the encapsulating droplet, and the ambient fluid are all assumed to be Newtonian. Simulations are performed for a range of dimensionless parameters to probe the deformation and rate of deformation of the encapsulated cell, which are both hypothesized to be related to cell damage. The deformation of the inner droplet consistently increases: as the Reynolds number increases; as the diameter ratio of the encapsulating droplet to the cell decreases; as the ratio of surface tensions of the air-solution interface to the solution-cell interface increases; as the viscosity ratio of the cell to encapsulating droplet decreases; or as the equilibrium contact angle decreases. It is observed that maximum deformation for a range of Weber numbers has ͑at least͒ one local minimum at We= 2. Thereafter, the effects of cell deformation on viability are estimated by employing a correlation based on the experimental data of compression of cells between parallel plates. These results provide insight into achieving optimal parameter ranges for maximal cell viability during cell printing.
I. INTRODUCTION
Impingement of a microdroplet on a flat surface has important applications in engineering such as surface coating, spray cooling, DNA microarrays, and ink-jet printing. 1 The impact and spreading of a homogenous one-component ͑simple͒ liquid droplet on a flat surface have been studied extensively in the literature from theoretical, [2] [3] [4] [5] computational, [6] [7] [8] [9] [10] and experimental 4, [11] [12] [13] points of view. In spite of a growing interest in generation and manipulation of multicomponent ͑compound͒ droplets mainly driven by microfluidic applications [14] [15] [16] in recent years, to the best of our knowledge, no work has been done on the impingement of a compound droplet on a solid surface except for the experimental study of Chen et al. 15 They formed compound droplets consisting of water as the inner droplet and diesel oil as the encapsulating fluid, and studied the residence time of a compound droplet impinging on a hot surface to understand the heat transfer process in spray combustion. 15 The impingement of a compound droplet is of fundamental importance in fluid mechanics. Here, we draw inspiration from the recent experimental cell printing studies where live cell-encapsulating droplets are patterned onto biomaterial coated substrates to engineer three-dimensional tissue constructs [17] [18] [19] [20] [21] or to cryopreserve cells. 18, 22, 23 The current droplet generation technologies make it possible to generate monodispersed droplets on demand with specified size, such that the droplets can encapsulate only single to few cells and deposit them with spatial control on a substrate. 18 This suggests that it would be useful to model the process computationally to predict optimal conditions enhancing cell viability.
Fundamental studies of the dynamics of compound droplets have been done relatively recently compared to the simple droplets 24 and there are still fundamental questions that need to be addressed. 14, 25 Compound droplets have found important applications in targeted drug delivery, 26, 27 food industry, 28 waste water management, 29 and microfluidics.
14 Fluid mechanics of compound droplets have been studied in various geometries and flow conditions. Johnson and Sadhal 24 reviewed the translation of compound droplets in quiescent flow. Stone and Leal 30 studied the breakup of double emulsion droplets in extensional flows. Bazhlekov et al. 31 examined the unsteady motion and defor-mation of compound droplets rising in an otherwise quiescent fluid due to buoyancy using a finite element method. Smith et al. 25 investigated the deformation and breakup of an encapsulated droplet in shear flow using a level-set method and produced a range of morphologies caused by the interaction between the core and outer interfaces. They presented a phase diagram showing the morphologies obtained for a range of capillary numbers and core interfacial tensions. Kawano et al. 32 studied deformations of thin liquid spherical shells in a liquid-liquid-gas system both experimentally and computationally. In recent years, the field has been mainly driven by a growing range of applications in microfluidics. Utada et al. 14 developed a microcapillary device that generates double emulsions at specified sizes and numbers. This capillary device forms monodisperse double emulsions in one step. Zhou et al. 33 computationally studied the formation of compound drops in flow-focusing devices and found that compound drops are formed only in a narrow window of flow and rheological parameters.
Modeling cells as simple Newtonian droplets is not new and has been widely used to study blood cells. [34] [35] [36] [37] In these models, the cell is represented by a Newtonian droplet whose viscosity is much higher than that of the ambient fluid. The Newtonian models involve oversimplification as they ignore the complicated internal structure of the cells and lump the effects of the internal structure into the apparent viscosity usually measured by the micropipet aspiration technique. 38, 39 A compound droplet has been proposed by Kan et al . 40 as a model for leukocyte deformation in an imposed extensional flow and by Marella and Udaykumar 41 as a model for leukocyte deformability in micropipet aspiration and recovery phases. In these models, the inner droplet represents the nucleus of the cell while the encapsulating droplet represents the cytoplasm. Kan et al. 40 treated both the nucleus and cytoplasm as Newtonian fluids with different material properties. Marella and Udaykumar 41 improved this model using a power-law shear thinning fluid for the cytoplasm and an elastic membrane with nonlinear stress-strain curve for the cortical layer.
To the best of our knowledge, only computational modeling of the cell-encapsulating droplet printing has been performed by Wang et al. 42 using a smoothed particle hydrodynamics method. They assumed that the receiving substrate is coated by the same liquid as that encapsulating the cell. Therefore, the fluid mechanical problem they considered is fundamentally different from that which we study here.
In the present work, the impact and spreading of a compound droplet are studied computationally using a fronttracking/finite-difference method 43 as a model for the cellencapsulating droplet printing on a flat solid substrate. In the present model, the cell, the encapsulating liquid, and the surrounding air are assumed to be Newtonian fluids with different material and interfacial properties. The inner droplet is composed of a highly viscous Newtonian fluid representing the cell. This is, of course, an oversimplification, as the cell is not a Newtonian droplet. However, we use this rather simple model to facilitate extensive simulations and defer more complicated non-Newtonian or microstructured models to a future study. It is assumed that the cell-encapsulating droplet partially wets the substrate while the inner droplet is nonwetting. Note that as far as the computational method is concerned, there is no difficulty to allow the inner droplet to wet the substrate but we simply postulate that the cell does not wet or stick to the substrate. The present front-tracking method developed by Unverdi and Tryggvason 44 has been recently extended to treat the moving contact lines and successfully applied to model the impact and spreading of a simple droplet by Muradoglu and Tasoglu. 45 In this method, the stress singularity at the contact line is removed by moving the contact line, such that the contact angle is equivalent to the dynamic contact angle that is computed at every time step using the correlation given by Kistler. 46 To enable commercial implementation of the cell printing technology in the health care industry, approaches need to minimize the cell damage occurring during impact/ collision with the receiving substrate. It is known that cell viability is strongly correlated with cell deformation. 47 Lower levels of cell deformation is more likely to enhance survival during the collision. We also hypothesize that the rate of cell deformation is also important in cell viability. Therefore, the goal here is to identify the conditions that yield the smallest cell deformation and deformation rate. For this purpose, effects of relevant nondimensional numbers such as the Reynolds number, the Weber number, the viscosity ratio, the surface tension ratio, the diameter ratio, and the equilibrium contact angle on the cell deformation and deformation rate are investigated. The cell viability is related to the cell deformation using the experimental data obtained from the compression of cells by two parallel plates. 47 The paper is organized as follows: The mathematical formulation and numerical model are described in Sec. II. We present results and discussion in Sec. III, where some validation tests are also presented to show accuracy of the numerical method. Finally, we present conclusions in Sec. IV.
II. FORMULATION AND NUMERICAL METHOD
The flow equations are described here in the context of the finite-difference/front-tracking method. The fluid motion is assumed to be governed by the incompressible NavierStokes equations. We solve for the flow inside and outside the droplets in all three phases. Following Unverdi and Tryggvason, 44 a single set of governing equations can be written for the entire computational domain, provided that the jumps in material properties such as density and viscosity are correctly accounted for and surface tension is included. In an axisymmetric coordinate system, the Navier-Stokes equations in conservative form are given by ‫ץ‬u ‫ץ‬t 
where u and v are the velocity components in the radial and axial directions, p is the pressure, g is the gravitational acceleration, and and are the discontinuous density and viscosity fields, respectively. The effect of surface tension is included as a body force shown in the last term on the right hand side, where is the surface tension, is twice the mean curvature, and n is a unit vector normal to the interface. The surface tension acts only on the interface as indicated by the three-dimensional delta function ␦, whose arguments x and x f are the points at which the equation is evaluated and a point at the interface, respectively. The Navier-Stokes equations are supplemented by the incompressibility condition
We also assume that the material properties remain constant following a fluid particle, i. 
· ͑4͒
The numerical method is based on the front-tracking/ finite-difference method developed by Unverdi and Tryggvason. 44 In this method, a separate Lagrangian grid is used to track the droplet-droplet and droplet-ambient fluid interface. The Lagrangian grid consists of linked marker points ͑the front͒ that move with the local flow velocity that is interpolated from the stationary Eulerian grid as sketched in Fig. 1 . The piece of the Lagrangian grid between two marker points is called a front element. The Lagrangian grid is used to find the surface tension, which is then distributed onto Eulerian grid points near the interface using Peskin's 48 cosine distribution function and added to the momentum equations as body forces as described by Tryggvason et al. 43 At each time step, the indicator function is computed and is used to set the fluid properties inside and outside the droplets. To do this, unit magnitude jumps are distributed in a conservative manner on the Eulerian grid points near the interfaces using the Peskin's 48 cosine distribution function and are then integrated to compute the indicator function everywhere. The computation of the indicator function requires solution of a separable Poisson equation and yields a smooth transition of the indicator function across the interface. The fluid properties are then set as a function of the indicator function according to Eq. ͑3͒. The Lagrangian grid is restructured at every time step. This is done by deleting the front elements that are smaller than a specified lower limit and by splitting the front elements that are larger than a specified upper limit, in the same way as described by Tryggvason et al. 43 This maintains the front element size to be nearly uniform and comparable to the Eulerian grid size. Restructuring the Lagrangian grid is crucial because it avoids unresolved wiggles due to small elements and lack of resolution due to large elements. The details of the front-tracking method can be found in Unverdi and Tryggvason 44 and Tryggvason et al. 43 The no-slip boundary condition yields a stress singularity near the contact line. Therefore it requires special treatment. The treatment of the contact line is essentially the same as that of Muradoglu and Tasoglu 45 so it is briefly summarized here for the compound droplet case. In the framework of the front-tracking method, the drop interface must be connected to the solid wall explicitly when the droplet approaches sufficiently close to the wall because the interface is tracked explicitly by marker points. For this purpose, we assume that the drop interface connects to the wall when the distance between the drop interface and the solid wall is less than a prespecified threshold value h th as shown in Fig. 2 . To achieve this, the interface is continuously monitored during the simulation and the first front element crossing the threshold line is detected. Subsequently, this element is connected to the solid wall such that the contact angle between the wall and droplet is equal to the apparent contact angle D . In the present work, the apparent contact angle is specified dynamically using Kistler's correlation 12, 46 that relates the apparent contact angle to the capillary number defined as Ca cl = d V cl / , where V cl is the speed of the contact 
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line. Because Kistler's correlation is valid for small capillary numbers, following Muradoglu and Tasoglu, 45 it is slightly modified as follows:
where f Hoff −1 is the inverse of the Hoffman's function f Hoff , defined as
͑6͒
In Eq. ͑6͒, e is the equilibrium ͑static͒ contact angle and Ca clm is defined as Ca clm = min͑Ca max , Ca cl ͒ where Ca max is the cut-off capillary number introduced to avoid too large or too small values of the apparent contact angle. The apparent contact angle is then determined in the advancing and receding phases as
ͮ ͑7͒
Following Muradoglu and Tasoglu, 45 the contact line velocity is specified as the velocity of the point where the droplet interface crosses the threshold. This definition is found to be very robust. Once the apparent contact angle is determined, the front element crossing the threshold line is connected to the solid wall as follows: First, the distance between the front element that is to be connected and the wall is predicted, assuming that the front element connects to the wall linearly. If this distance is smaller than a prespecified threshold length h th , then the front element is connected to wall by fitting a cubic curve and imposing the dynamic contact angle as sketched in Fig. 2 . Otherwise the front element is connected to the wall using a linear function and again imposing the dynamic contact angle on the wall. The threshold length is typically taken as h th =2⌬x, where ⌬x is the Eulerian grid size. Note that we need three points for a cubic fit because one condition is imposed by the apparent contact angle. For this purpose, the first point is selected as the marker point on the front element crossing the interface and the other two are selected such that the distance between the selected marker points is approximately equal to the distance between the first marker point and the wall. Typical marker points used in cubic fit are schematically shown in Fig. 2 as large dots. After the front element on the threshold line is connected to the solid wall, the interface is restructured in a similar way as described by Tryggvason et al. 43 In addition to specifying the contact angle dynamically as explained above, the dynamic contact angle is also used to compute the curvature at the center of the front element adjacent to the solid wall. Following Tryggvason et al., 43 the curvature is computed at the center of each front element and is approximated as a difference between the tangent vectors at the end points of the element. The tangent vectors are computed by fitting a cubic polynomial for the internal front elements. In the case of contact line, one marker point of the front element adjacent to the solid wall is placed on the wall so it requires a special treatment. The tangent at this marker point is simply set to the tangent of the dynamic contact angle given by Eq. ͑7͒. This procedure is found to be very robust and accurate. The details of the implementation of this slip contact method can be found in Muradoglu and Tasoglu. 45 The governing equations are solved in their dimensional forms and the results are expressed in terms of relevant dimensionless quantities. Let L and U be the appropriately defined length and velocity scales, respectively, and T = L / U be the time scale. Then the relevant dimensionless numbers can be summarized as
where Re is the Reynolds number, We is the Weber number, and d i and d o are the diameters of inner and outer droplets, respectively. The surface tension coefficients of the dropletdroplet interface and the droplet-ambient fluid interface are denoted by i and o , respectively.
III. RESULTS AND DISCUSSION

A. Validation
The numerical method is first validated in this section. To the best of our knowledge, there is no experimental or computational study about the impact and spreading of a compound droplet on a substrate that we can use for validation of the present numerical method. The accuracy and convergence of the present numerical method have been recently demonstrated by Muradoglu here. Instead, emphasis is placed on the validation of the numerical method for the compound droplet case. We first consider the relaxation of a compound viscous droplet from a spherical initial condition to its final equilibrium shape. For this test, a concentric spherical compound droplet of the inner radius R i and the outer radius R o is initialized near the solid surface, as shown in the inset of Fig. 3 , and is allowed to spread until its final static shape is reached for various values of the Eötvös number
represents the ratio of gravitational and surface tension forces. The inner and the encapsulating droplet densities are equal and larger than the surrounding fluid. The viscosities of the inner and encapsulating droplets are also set equal, although viscosity does not have any effect on the final static shape of the droplet. Note that this test case becomes equivalent to the simple droplet case studied by Muradoglu and Tasoglu 45 when the ratio of surface tension coefficients is large, i.e., o / i ӷ 1. The static shape of the droplet generally depends on the equilibrium contact angle e , the Eötvös number, and the ratio of surface tension coefficients. In the limit of vanishing Eötvös numbers, i.e., EoӶ 1, the equilibrium shape of the droplet is determined by the surface tension force and the encapsulating droplet takes a shape of spherical cap with the maximum height of the droplet H o , given by
.
͑9͒
On the other hand, when Eoӷ 1 and o / i ӷ 1, the compound droplet becomes equivalent to the corresponding simple droplet, the shape of the droplet is controlled mainly by the competition between the gravitational and surface tension forces, and the maximum height of the droplet is proportional to the capillary length, 45 i.e.,
where H o is given by Eq. ͑9͒. Computations are performed for this test case and the results are compared with the asymptotic solutions given by Eqs. ͑9͒ and ͑10͒. For this purpose, the equilibrium contact angle is set to e = 93°and the dynamic angle is used at the contact line. Focus here is placed on the static shape of the droplet. The computational domain extends 6.5 drop radii both in the axial and radial directions and is resolved by a 256ϫ 256 uniform Cartesian grid. Figure 3 shows the normalized static droplet height as a function of Eötvös number for the ratio of surface tension coefficients together with the steady shapes of droplet in the range of Eo= 0.01 and 64. It is clearly seen that the computed normalized droplet height agrees well with the asymptotic solutions given by Eqs. ͑9͒ and ͑10͒ for EoӶ 1 and Eoӷ 1, respectively, when i / o Ӷ 1. For instance, the difference between the asymptotic solution and computational result is less than 0.2% for Eo= 0.01 and 10% for Eo= 64, respectively. We also note that the difference between the asymptotic solution and computational results decreases monotonically as the Eötvös number increases. For the intermediate values of the Eötvös number, the transition between a spherical cap and a puddle shape occurs. However, the numerical solution deviates significantly from the asymptotic solution for large Eötvös numbers as i / o increases since the inner droplet resists the gravitational forces and causes a bump as shown in Fig. 3 . Dynamics of the contact line is of fundamental importance for accurate simulation of impact and spreading of the compound droplet. The treatment of contact line is essentially the same as that of Muradoglu and Tasoglu 45 and it has been extensively discussed for simple droplet case. Because there is no experimental or computational study about compound droplet spreading, the treatment of the contact line is tested here for a simple droplet case studied experimentally by Sikalo et al. 12 Only one set of results is shown here for completeness in Fig. 4 and readers are referred to Muradoglu and Tasoglu 45 for a detailed discussion. In this test case, the impact and spreading of a simple glycerin droplet on a flat wax substrate is considered. The surrounding medium is air. The equilibrium contact angle is set to e = 93°. Simulations are performed for three impact velocities as summarized in Table I . As can be seen in Fig. 4 , there is a good agreement between the computational and experimental results, i.e., the difference between the computational results and the experimental data is less than 10%. Considering the uncertainties in the experimental data and in the correlation used for dynamic contact angle, Fig. 4 indicates the accurate treatment of the contact line. The final 
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validation test deals with buoyancy-driven motion of the compound droplet studied experimentally by Mori 49 and computationally using a finite element method by Bazhlekov et al. 31 As shown in Fig. 5͑a͒ , an initially concentric gasliquid compound droplet ͑the inner phase is a gas͒ rises due to buoyancy in an infinite domain. In addition to the dimensionless hydrodynamic parameters given by Eq. ͑8͒, the problem also depends on the Eötvös number defined here as Eo= gL Fig. 5͑b͒ , there is a good agreement between the experimental and computational droplet shapes. We next compare the present computational results with the finite element simulations of Bazhlekov et al. 31 For this purpose, the computations are performed for the nondimensional parameters of Re= 1.25, Eo= 180, 31 This figure shows that there is a qualitatively good agreement between the present results and finite element simulations. The results are then quantified in Fig. 7 where the normalized velocities of the top and bottom points of the compound droplet are plotted as a function of dimensionless time. The velocity of the top point is slightly overpredicted by the present method, but there is overall good agreement with the finite element simulations. Note that Kawano et al. 50 reported small-amplitude oscillations of encapsulated liquid interfaces especially just after the compound droplet is generated at the tip of injection nozzle. We have not observed any such oscillations of encapsulated drop interfaces for the cases studied in this section probably due to the fact that the droplet production period is not considered and focus is placed on the steady motion in the present 
, μ reported any oscillatory behavior of encapsulating drop interfaces.
B. Impact and spreading of a compound droplet
After validating the numerical method in Sec. III A, we now present simulations of compound droplet spreading on a flat substrate. The computational setup is sketched in Fig. 1 . Computational domain extends approximately 6 outer drop radii in radial direction and 3 drop radii in axial direction and it is resolved by 512ϫ 256 uniform Cartesian grid in all the results presented in this section unless specified otherwise. An extensive grid convergence study of the present numerical method has been performed by Muradoglu and Tasoglu 45 for a simple droplet case. Therefore, such a study is not repeated here. However, grid convergence is checked for all the results presented and we ensured that the solutions are grid independent, i.e., the spatial error is below 5%.
In the experimental study of Demirci and Mostaseno, In the simulations, the material properties of the solution encapsulating the cell are set to its physical values. The density of the inner cell is set equal to that of the encapsulating droplet due to a large amount of water content of the cell. There is no known exact value for the viscosity of RAJI cell, or for any cell in general, owing to its microstructured composition, but it can be assumed to be a highly viscous fluid. The viscosity of cell is taken here as an order of magnitude larger than that of the encapsulating droplet mainly due to numerical purposes in spite of the fact that actual apparent viscosity of the cell is much higher. For the same reason, the density of the surrounding air is also set to o = 51.5 kg/ m 3 that is about 40 times larger than its physical value. The material properties used in the simulations are summarized in Table II for all three phases. Surface tension at the air-solution interface and the solution-cell interface are 0.076 22 and 0.000 03 N/m, respectively ͑ o / i = 2541͒. Note that the surface tension at the air-solution interface is based on the experimental data provided by Matubayasi and Nishiyama. 51 We assume that the solution remains homogeneous throughout so that the surface tension at the air-solution interface is constant. Based on the experimental data and considerations for numerical stability and convergence, we choose the set of the dimensionless numbers We= 0.5, Re= 30,
, and e = 90°as the base case. Then, we study the effects of each nondimensional number by systematically varying its value while keeping the other parameters the same as the base case. Note that the density and viscosity ratios between the encapsulating liquid and air are an order of magnitude larger in the experiment. However, it is found that a further increase in the property ratios does not affect the computational results significantly ͑not shown here͒. The compound droplet is initially located close to the wall and initiated with a uniform ͑impact͒ velocity directed toward the wall. The equilibrium contact angle is chosen as 90°unless stated otherwise. Note that this static contact angle is much larger than the value in the experimental study, i.e., the static contact angle in the experimental work is about 10°. We choose a larger contact angle because it is computationally expensive to resolve the thin liquid layer close to the solid surface for small contact angles. We first present the simulations for the base case. Figure 8 shows snapshots of the collision taken at times t ‫ء‬ = 0.000 269, 0.0541, 0.135, 0.216, 0.270, 0.514, 1.027, and 3.843. In this figure, pressure contours are plotted on the left side and the pressure distribution on the cell surface is plotted on the right side of the droplet images. For the same parameters, velocity vectors ͑left side͒ and shear stress contours ͑right side͒ are plotted in Fig. 9 . Shear stress reaches its peak value near the contact line at the beginning of collision and it consistently decreases while the compound droplet is spreading. Even at the beginning of droplet impact, the magnitude of the shear stress is nearly half of the maximum pressure. It is observed that the maximum shear stress occurs at the solution-air interface since all fluid particles within the compound droplet initially have the same velocity while the air is initially quiescent, and thus the velocity gradient is larger at the solution-air interface rather than at the cell-solution interface. Negative shear stress occurs in the vicinity of the contact line where both velocity and pressure gradients are extremely large and there is a stagnationpointlike flow field. It is emphasized here that it is very likely that the numerical error is also large near the contact line due to large pressure and velocity gradients. The loca- tion of maximum pressure changes during the different phases of the collision process. For example, pressure increases near the contact line during the initial impact and spreading period; also just prior to recoil, the maximum pressure is located near the triple point. However, the pressure maximum starts to shift toward the distal point from the wall, where it remains until the recoil phase. Next, we investigate the consequences of variation of the governing dimensionless parameters. In keeping with our emphasis on the inner droplet, we shall define a gross deformation measure as
where W b and H b are the maximum droplet dimensions in the radial and axial directions, respectively. Note that t ‫ءء‬ ͑in Figs. 10, 12, 14, 16, 18 , and 20͒ is obtained by subtracting the time period between droplet initiation and attachment to the wall from the total elapsed time t and nondimensionalized again with T.
The Reynolds number plays a role in the extent of spreading and in the dynamic contact angle, as shown in Fig.  10 . A relative increase in inertial effects leads to a more powerful collision and subsequent cycling between spread and recoil ͑see Re= 45͒, although all simulations with different Reynolds number converge to the same equilibrium extent of spread. Slowness in spreading for small Re values can also be observed from the evolution of dynamic contact angle in Fig. 10͑b͒ . The deformation and rate of deformation of the cell are plotted as a function of dimensionless time for Re= 15, 20, 30, 40 , and 45 in Fig. 11 . It is observed that peak cell deformation and rate of deformation increase as Reynolds number increases. Note that cell deformation continues to decrease, even as the cell-encapsulating droplet reaches a steady spread, e.g., at t ‫ء‬ = 4.0 for Re= 30 in Fig. 8 . The simulation is stopped around t ‫ء‬ = 4 to limit computational expense. Of course, we expect cell deformation to have vanished at steady state. Next, we examine the effects of the Weber number by varying the Weber number between 0.25 and 10 while keeping the other parameters fixed as in the base case. The results are plotted in Fig. 12 for the extent of spread and the dynamic contact angle. As can be seen from this figure, there is a change in trend around We= 2. Maximum spread initially decreases as Weber number increases. Thereafter, it starts to increase with increasing Weber number in a similar way as also observed by Muradoglu and Tasoglu 45 for the simple droplet spreading in the range We 
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= 10 to 1080. Another observation is that the encapsulating droplet reaches equilibrium conditions faster as Weber number decreases. Deformation and rate of deformation of the cell are plotted in Fig. 13 as a function of dimensionless time for We= 0.25, 0.5, 1.0, 2.0, 5.0, and 10.0. A similar trend is also observed in the deformation: it first decreases with We, until We= 2, and then it increases with increasing Weber number. On the other hand, the maximum rate of deformation consistently decreases as We increases. It is desirable that the droplet size is sufficiently small so that it contains only a single cell but large enough to provide sufficient protection during the collision. The current printing technologies allow us to control the droplet size precisely within terms of microns. Therefore it is important to examine the effects of the relative droplet size on the viability of the cell. Fig. 15 . It is observed that both the deformation and the rate of deformation increase as the ratio of encapsulating droplet diameter to cell diameter decreases. The surface tension is another important parameter in terms of characterizing dynamics of outer droplet, which may affect cell deformation during the printing process. Simulations are performed for the surface tension ratios o / i = 10, 20, 50, 500, 2541, and 5000 while keeping the other parameters the same as those in the base case to investigate the effects of the surface tension on the cell viability. The time evolutions of the spread factor and the dynamic contact angle are plotted in Fig. 16 . It is interesting to observe that the ratio of surface tension o / i does not have a significant influence on the spread rate and the dynamic contact angle. The deformation and rate of deformation of cell are also plotted Fig. 17 as a function of dimensionless time for o / i = 10, 20, 50, 500, 2541, and 5000. It is found that cell deformation and rate of deformation increase as the ratio of surface tension at the air-solution interface to that of the solution-cell interface increases. In contrast, the cell relaxes to its spherical shape faster for smaller values of o / i . Cur- 
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Impact of a compound droplet on a flat surface Phys. Fluids 22, 082103 ͑2010͒ rent cell printing techniques used in tissue engineering and biopreservation encapsulate cells in low viscosity solutions such as cell media as well as higher viscosity biomaterials such as collagen and cryoprotectant agents. Therefore, we also investigated the consequences of variation of the viscosity ratio between the cell and the cell-encapsulating droplet for the range c / d = 2, 5, 10, 20, and 40 with other parameters constant. In Fig. 18 , the extent of spread and the dynamic contact angle are plotted as a function of dimensionless time. It is found that the viscosity ratio c / d does not have any significant influence on the spreading rate and the dynamic contact angle. Cell deformation and rate of deformation are also plotted in Fig. 19 as a function of dimensionless time for c / d = 2, 5, 10, 20, and 40. It is observed that cell deformation and rate of deformation increase as viscosity ratio of cell to that of encapsulating droplet decreases. We finally investigate the effects of the equilibrium contact angle. For this purpose, simulations are performed for e = 30°, 45°, 60°, 75°, 90°, 105°, and 120°, while the other parameters are kept the same as those in the base case. Note that static contact angle is dependent on the surface tensions of all involved phases according to Young's equation. However, the static contact angle can be changed without changing the surface tension at air-liquid interface by simply using different materials ͑with different surface energy͒ for the substrate. The extent of spread and the dynamic contact angle are plotted as a function of dimensionless time in 
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the cell deformation and the rate of deformation increase as the equilibrium contact angle decreases. Thus far, the effects of governing nondimensional numbers on the deformation and rate of deformation of the cell have been investigated. Now, we attempt to estimate cell viability during the impact and spreading processes by using the method suggested by Takamatsu et al. 47 This method is based on the experimental data obtained from the compression of cells between parallel plates. The model assumes that cells deform symmetrically during the motion of plates. Because the present simulations consistently indicate that the cells deform quite symmetrically ͑see, for instance, the evolution of cell interface plotted in Fig. 22͒ , we use this method to predict the viability of the cell during the printing process. Takamatsu et al. 47 suggest that the viability of an individual cell ͑͒ is given by 
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IV. CONCLUSIONS
The impact and spreading of a compound droplet on a smooth flat surface are studied computationally using a finite-difference/front-tracking method in an axisymmetric setting. The compound droplet is proposed as a model for printing of droplet-encapsulated biological cells. 17, 18 The cell is modeled as a highly viscous Newtonian droplet that is encapsulated by a less viscous Newtonian liquid. It is hypothesized that the cell viability is mainly dependent on the cell deformation and its rate. Therefore, the model is used to investigate the optimal conditions that yield minimum deformation and deformation rate. The experimental conditions of Demirci and Montesano 18 are taken as the base case and then the effects of nondimensional parameters on the cell viability are investigated by varying each parameter at a time systematically, while keeping the others the same as those in the base case.
Since the numerical method has been already validated comprehensively for a simple droplet impact and spreading on a flat surface, validation tests are performed here to assess the performance of the method for compound droplet. For this purpose, it is first shown that the compound droplet correctly relaxes to its equilibrium shape when it impacts and spreads on a flat surface for a wide range of Eötvös numbers. Then the treatment of the contact line is validated against the experimental data for a simple glycerin droplet spreading on a wax substrate. Finally, the numerical method is applied to simulate the buoyancy-driven motion and the deformation of compound droplet, and results are found to be in a good agreement with the experimental data of Mori 49 and also with the finite element simulations of Bazhlekov et al. 31 After validating the numerical method, computations are performed to examine the effects of the relevant dimensionless parameters on the dynamics of compound droplet impact and spreading on a flat surface. It is found that maximum spreading of the cell-encapsulating droplet increases as the Reynolds number ͑Re͒ increases. As Weber number ͑We͒ increases, maximum spread first decreases until We= 2, then it increases. The diameter ratio, the viscosity of the cell, and the surface tension at the solution-cell interface are found to have no significant influence on the spreading of the encapsulating droplet in the range we studied here. It is found that the maximum spreading and the equilibrium extent of spread increase as the equilibrium contact angle decreases as expected. The deformation and the rate of deformation of the cell ͑inner droplet͒ increase as the Reynolds number and the surface tension ratio of the air-solution interface to the solution-cell interface ͑ o / i ͒ increase. For smaller o / i , the cell relaxes to its equilibrium shape faster. The deformation and the rate of deformation of the cell increases as the diameter ratio of encapsulating droplet to cell ͑d o / d i ͒ and the 
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Impact of a compound droplet on a flat surface Phys. Fluids 22, 082103 ͑2010͒ viscosity ratio of cell to encapsulating droplet ͑ c / d ͒ decreases. It is observed that there is a change in the trend of the peak deformation for different Weber numbers. Maximum deformation first decreases until We= 2, then it increases with increasing Weber number. On the other hand, the peak rate of deformation consistently decreases as We increases. Finally, we employ a relation to fit to experimental data of compression of cells between two parallel plates 47 to estimate the effects of cell deformation on viability. It is found that the cell viability rapidly decreases as e and c / d decrease. Cell viability is near or over 90% for the ranges of Re, We, d o / d i , and o / i that we studied in this paper. The cell viability is found to decrease rapidly as the equilibrium contact angle decreases below 60°. This can be partly attributed to low viscosity ratio ͑ c / d =10͒ in varying e case.
The goal of this paper was to develop a framework for investigating relative importance of governing nondimensional numbers: Re, We, d o / d i , o / i , c / d , and e on cell viability for the problem of deposition of cell-encapsulating droplets. The analysis pointed out along the way that a number of parameters such as c / d and e should be perturbed simultaneously. We also deferred non-Newtonian or more complicated microstructured cell models to a future study. 
